The heme-regulated inhibitor (HRI) negatively regulates protein synthesis by phosphorylating eukaryotic initiation factor-2α (eIF2α) thereby inhibiting protein translation. The importance of HRI in regulating hemoglobin synthesis in erythroid cells makes it an attractive molecular target in need of further characterization. In this work, we have cloned and expressed the canine form of the HRI kinase. The canine nucleotide sequence has 86%, 82%, and 81% identity to the human, mouse, and rat HRI, respectively. It was noted that an isoleucine residue in the ATP binding site of human, rat, and mouse HRI is replaced by a valine in the canine kinase. The expression of canine HRI protein by in vitro translation using wheat germ lysate or in Sf9 cells using a baculovirus expression system was increased by the addition of hemin. Following purification, the canine protein was found to be 72 kD and showed kinase activity determined by its ability to phosphorylate a synthetic peptide substrate. Quercetin, a kinase inhibitor known to inhibit mouse and human HRI, inhibits canine HRI in a concentration-dependent manner. Additionally, quercetin is able to increase de novo protein synthesis in canine reticulocytes. We conclude that the canine is a suitable model species for studying the role of HRI in erythropoiesis.
Introduction
Heme-regulated inhibitor (HRI) is an eIF2α kinase, which belongs to the eIF2α kinase subfamily [1] that includes the double-stranded RNA-dependent eIF2α kinase (PKR), the general control of nitrogen metabolism kinase (GCN2), and them endoplasmic reticulum resident kinase, PKR-related kinase (PERK), which is identical to the enzyme pancreatic eIF2α kinase (PEK) that is highly expressed in pancreas [2] . Sequence comparison between HRI and other eIF2α kinases reveals that the eIF2α kinases share some degree of homology in their kinase catalytic domains. However, between the Nand C-lobes HRI has a distinct kinase insert that contains a heme binding site [3] . Kinase activity of HRI is modulated by binding of heme to the heme-binding domains located at its kinase insert and the amino terminus. As an eIF2α kinase, HRI specifically phosphorylates eIF2α at residue Serine 51 [4] , blocking GTP exchange required for the recycling of eIF2, and thus inhibits protein synthesis [5] . Because HRI is predominantly expressed in erythroid cells, HRI exerts its kinase activity to regulate the synthesis of hemoglobin [6] .
Phenotypic changes in HRI knockout mice show that HRI is nonessential, but plays an important regulatory role by dictating hemoglobin synthesis in erythroid cells [1] . Notably, in the absence of HRI kinase activity, reticulocytes obtained from HRI-deficient mice had a higher rate of protein synthesis. The importance of HRI in the pathophysiology of heme-deficiency disorders such as anemia of iron deficiency, protoporphyria, and β-thalassemia has been recently shown in animal models [7] .
Interestingly, HRI does not exist in yeast, Drosophila melanogaster, and C. elegans [5, 8] . It is postulated that HRI has evolved during the development of the circulation to meet the increasing demand for oxygen in larger organisms.
Advances in Hematology
Alignment of the amino acids of HRI from human, mouse, rat, and rabbit [8] reveals that HRI is conserved throughout evolution among these mammals with approximately 77% identity and 83% homology. Because of the importance of HRI in regulating hemoglobin synthesis in mammals, we sought to evaluate the feasibility of using the canine as a model for studying the homeostasis of erythropoiesis. The canine HRI was cloned, expressed by in vitro transcription and translation in wheat germ lysate and also in baculovirus protein expression system and then compared to the murine and human HRI proteins by its functional activity and inhibition by a kinase inhibitor. Additionally, the function of HRI on protein synthesis was evaluated in canine blood with the kinase inhibitor, quercetin.
Material and Methods

Tissue Isolation and Total RNA Preparation.
All procedures were performed according to the internationally accepted guidelines for the care and use of laboratory animals in research and were approved by the local International Animal Care and Use Committee. Canine spleen was collected and RNA stabilization was achieved by submersion of tissue in RNAlater (Ambion, Milan, Italy). Total cellular RNA (tc-RNA) from spleen was extracted using the RNeasy kit following manufacturer's instructions (Qiagen, Chatsworth, Calif, USA).
Cloning of Canine HRI cDNA.
Reverse transcription (RT) reactions on human (Clontech, Mountain View, Calif, USA) and canine tc-RNA were performed in a 20 μL reaction mixture containing 10 mM Tris-HCl (pH 8.4), 50 mM KCl, 5 mM MgCl 2 , 500 μM dNTP, 1.25 μM of oligo(dT) primer, 5 μg tc-RNA, 40 U of RNase inhibitor, 2 U of RNaseH, and 50 U of reverse transcriptase II (Invitrogen, Carlsbad, Calif, USA). The RT reactions were performed under the following conditions: 90 minutes at 42 o C, 10 minutes at 70 o C, followed by 20 minutes at 37 o C. The resulting cDNA samples (1 μL) were used for PCR amplification with the addition of 45 μL of Supermix (Invitrogen, Carlsbad, Calif, USA) containing 2.2 U of Taq DNA polymerase (a mixture of recombinant Taq DNA polymerase and DNA polymerase from pyrococcus species GB-D) in 66 mM Tris-SO 4 
Cloning of Canine HRI cDNA into Expression Vectors.
Two chimeric oligonucleotide primers (described earlier) were synthesized to facilitate the sub-cloning step (Allele Biotech, San Diego, Calif, USA). The chimeric 5 primer included three adjacent upstream nucleotides; 6 random bp followed by a 6 bp EcoRI restriction enzyme sequence and a 6 bp Kozak sequence leading to the 21 nucleotides complementary to the canine HRI cDNA sequence. The chimeric 3 primer included 6 random bp followed by a 6 bp NotI restriction enzyme sequence and 22 bp complementary to the canine HRI cDNA sequence. PCR with the above 2 chimeric primers resulted in a 1925 bp product, consisting of full length HRI and the sequences corresponding to the chimeric primers.
Sequencing.
Recombinant double-stranded plasmids containing the 1893 bp full-length HRI cDNA insert served as templates for cycle sequencing with specific forward and reverse primers and fluorescence-based dideoxynucleotides, using the dideoxy-terminator cycle sequencing kit (Perkin Elmer, Applied Biosystems, Foster City, Calif, USA). HRI cDNA sequences were determined by the use of a DNA Sequencer (ABI Model 373, Applied Biosystems). Canine HRI cDNA sequences were validated by sequencing cDNA products from three separate RT-PCR reactions, primers were for the forward reaction: 5 -ATCTGATGTCCCAGCAGAACTCCA-3 , 5 -GAT ACG GAA GAG TGT ACA AGG TCA-3 , 5 -AGG ATC  CGACTATGACGCC-3 , and 5 -TGCACATCCAGATGCAG  CTGTGT-3 , and for the reverse:, 5 -GAG CTC TAG  CAGGATCACACCC-3 , 5 -GAT CTT GTG CAT GGG TCA  CGTGAA-3 , 5 -GCTGGGACATCAGATTCATCATACT-3 , (all primers purchased from Allele Biotech).
Preparation of Recombinant HRI Baculovirus and Expression of Canine HRI Protein in Sf9
Cells. Expression of canine HRI protein (cHRI) in Sf9 cells was achieved using the protocol from a commercially available Bac-n-Bac transfection kit (Invitrogen). The pFastBac transfer vector, in which the canine HRI cDNA was inserted, was transformed into DH10Bac competent cells containing bacmid DNA and a helper plasmid. Cells were incubated on ice for 30 minutes followed by 60 seconds at 42 o C allowed for transposition of the pFastBac-cHRI plasmid with the bacmid catalyzed by the transposition sequences on the helper plasmid. Colonies containing recombinant bacmids were identified by selection of blue/white colonies caused by disruption of the lacZα gene following the cHRI cDNA insertion.
The bacmid DNA was isolated and then transfected into Sf9 cells to make recombinant baculovirus as previously described [9] . Sf9 cells were grown in Sf-900 II serum-free medium in suspension cultures with continuous shaking (150 rpm). Cultures were infected in log phase of growth with recombinant baculovirus at the multiplicity of infection of 3.0. Cells were harvested after 48 hours of infection, washed in phosphate buffered saline solution, resuspended in 1 volume of buffer (10 mM Hepes, pH 7.5, 300 mM NaCl, 5 mM MgCl 2 , 10% glycerol) containing protease inhibitor mixture, and ruptured by sonication. The lysate was then Advances in Hematology 3 centrifuged at 17,000 ×g for 20 minutes at 4 o C and the supernatant collected.
Purification of Canine HRI Protein.
Canine, mouse, rat and human HRI proteins were expressed in Sf9 cells and purified by Ni-NTA affinity chromatography (Qiagen, Valencia, Calif, USA) according to the manufacturer's recommendations and dialyzed in buffer (5 mM Hepes, pH 7.4, 100 mM NaCl, 2 mM DTT) overnight. The canine HRI protein was separated by SDS-PAGE and identified by Western blotting using a mouse anti-histidine primary antibody at 1:1000 (Clontech, Mountain View, Calif, USA) and a secondary anti-mouse HRP conjugated antibody at 1:10, 000 (Pierce Biotechnology, Rockford, Ill, USA) followed by enhanced chemiluminescence using the Amersham Enhanced Chemiluminescence Plus Western blotting detection system (GE Biosciences, Piscataway, NJ, USA).
Expression of Canine HRI Protein by TNT.
The cloned canine HRI in the pcDNA4 vector was linearized with NotI and 2.8 μg of the linearized DNA was used for transcription/translation (TNT). Protein expression of the canine HRI was achieved using the cell-free expression kit from Promega using wheat germ lysate according to the manufacturer's protocol. The reaction mix was supplemented with 0.5 mM hemin to increase expression of functional kinase. • C in 50 mL centrifuge tubes. The samples were swirled every 30 minutes to ensure adequate mixing. After labeling, the cells were transferred to Eppendorf tubes and washed with ice-cold PBS by centrifugation at 14,000 rpm for 5 minutes at 4
• C. The cell pellets were lysed in 1 mL of PBS containing 1% Triton X-100. To remove free [ 35 S]-methionine, the lysates were subjected to TCA precipitation and centrifuged at 14,000 rpm for 10 minutes at 4
• C. Methionine incorporation into protein was determined by addition of Scintiverse liquid scintillation cocktail and then the [ 35 S] signal was measured using a beta-counter (Beckman Coulter, Fullerton, Calif, USA).
Results
Cloning and Sequence Comparison of Canine HRI cDNA with Other Mammalian HRI.
To decide which canine tissues to use for cloning canine HRI cDNA, we performed RT-PCR for HRI using human liver, kidney, lymph node or spleen (Clontech, Mountain View, Calif, USA). As shown in Figure 1 (a), HRI was detected in liver, lymph node, and spleen, but not detected in the kidney. Because previous reports demonstrated that HRI is predominantly expressed in erythroid-derived cells [6, 7] , we presume that the presence of peripheral blood in the tissues allowed for the detection of HRI. Based on the tissue expression results of the human HRI we decided to clone the canine HRI from canine spleen.
To clone canine HRI cDNA, we prepared total RNA from canine spleen followed by first strand cDNA synthesis using oligo(dT) primers (Invitrogen). The resulting cDNA was used in RT-PCR with cloning primers designed based on the canine genomic sequence corresponding to the human HRI sequence. A PCR fragment of the expected 1925 bp was amplified (Figure 1(b) ). The resulting fragment was sequenced and confirmed to be the canine HRI (GenBank Accession Number FJ911905), showing 86% identity in nucleotide sequence to the human, 82% identity to the mouse and 81% identity to the rat HRI (Figure 1(c) ). At the amino acid level the canine protein shows 83% identity to the human HRI sequence (NM 014413) and 81% to the mouse (NM 013557) and rat HRI (NM 013223) (Figure 1(d) ). As shown in Figure 1 (e), the canine sequence shows only 1 amino acid difference in the ATP-binding site compared to the human sequence. The high conservation in the residues involved in ATP binding between the human, canine and rodent proteins is consistent with the functional importance of HRI and its conservation throughout evolution. 
T GC T GGGGGGC A GC T C C GG T GC C C G A G A GC GC G A GGC GG A GGGC G A C GGGGC GG A GGC T 60 Human A T GC A GGGGGGC A A C T C C GGGG T C C GC A A GC GC G A A G A GG A GGGC G A C GGGGC T GGGGC T 60 Rat A T GC T GGGGGGC GGC T C C G T GG A T GGC G A GC GC G A C A C GG A C G A C G A C GC GGC GGGGGC G 60 Mouse A T GC T GGGGGGC AGC T C C G T GG A C GGC G A GC GC G A C A C GG A C G A C G A C GC GGC GGGGGC G 60
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine G T GC C T GCGC C T C C T GC C A T CGAG T T C C CGGC CGA CGGC T CGGA C C C C A AG T A T GA T GA A 120 Human G T GGC T GCGC CGC CGGC C A T CGA C T T T C C CGC CGAGGGC C CGGA C C C CGA A T A T GA CGA A 120 Rat G T GGC CGCGC C T C C T GC C A T CGA C T T C C C CGC AGAGG T G T CGGA C C C C A AG T A T GA T GAG 120 Mouse G T GGC CGCGC C T C C T GC C A T CGA C T T C C C CGC AGAGG T G T CGGA C C C C A AG T A T GA T GAG 120
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine T C T GA T G T C C C AGC AGA A C T C C A AG T A T T A A A AGGA C C C C T A C A A C AGC CGA C T T T C C C T 180 Human T C T GA T G T T C C AGC AGA A A T C C AGG T G T T A A A AGA A C C C C T A C A A C AGC C A A C C T T C C C T 180 Rat T C CGA T G T C C C AGC AGAGC T C C A AG T G T T C A A AGAGC C C T T GC AGC AGC C C A CG T T C C C T 180 Mouse T C CGA T G T C C C CGC AGAGC T C C A AG T G T T A A A AGAGC C C C T A C AGC AGC C C A CG T T C C C T 180
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine T T T GC AG T T GC A A A C C A A C T C T T GC T CG T C T C T T T GC T GGAGC A C T T GAGC C A T G T GC A T 240 Human T T T GC AG T T GC A A A C C A A C T C T T GC T GG T T T C T T T GC T GGAGC A C T T GAGC C A CG T GC A T 240 Rat T T C T T AG T GGC A A A C C AGC T GC T GC T GG T C T C C T T GC T GGA A C A C T T GAGC C A T G T GC A C 240 Mouse T T C C T GG T GGC A A A C C AGC T GC T GC T CG T C T C C T T A C T GGA A C A C T T GAGC C A T G T GC A C 240
Canine G A A C C A A A C C C G C T C C G T T C A A G A C A GG T G T T T A A A T T G C T T T G C C A G A C C T T T A T C A A A 300 Human GA A C C A A A C C C A C T T CG T T C A AGA C AGG T G T T T A AGC T A C T T T GC C AGA CG T T T A T C A A A 300 Rat GAGC CGA A C C C A C T T C A C T C A A A A C AGG T C T T T A A A T T A C T G T GC C AGA C T T T T A T C A AG 300 Mouse G A G C C A A A C C C G C T C C A C T C C A A A C A GG T G T T T A A A T T A C T G T G C C A G A C T T T T A T C A A G 300
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Canine
A T GGGGC T GC T G T C T T C T T T C A C C T G T AG T GA T GAG T T T AGC T C A T T GAGGC T A C A T C A C 360 Human A T GGGGC T GC T G T C T T C T T T C A C T T G T AG T GA CGAG T T T AGC T C A T T GAGA C T A C A T C A C 360 Rat A T GGGGC T GC T C T C T T C C T T T A C C T GC AGCGA T GAG T T C AGC T C C C T GAGA C T C C A C C A C 360 Mouse A T GGGGC T GC T C T C T T C C T T T A C C T GC AG T GA T GAG T T T AGC T C T C T GAGA C T C C A C C A C 360
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine A A C A G A G C T A T T A C T C A T T T A A T G A G A T C T G C T A A A G A G A G A G T T C G T C A GG A T C C T T G T 420 Human A A C AGAGC T A T T A C T C A C T T A A T GAGG T C T GC T A A AGAGAGAG T T CG T C AGGA T C C T T G T 420 Rat A A C AGAGC C A T C A C T C A T T T A A T GAGG T C T GC C A AGGAGAGAG T C CG T C AGGA T C C T T G T 420 Mouse A A C A G A G C C A T C A C T C A T T T A A T G A GG T C T G C C A A A G A G A G A G T C C G T C A GG A T C C T T G T 420
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Canine
GA AGA T A A T T C T C A T A C C C AGA AGA T C AGA T C A AGGGA A A T AGC C T T T GA AGC A C AGA C T 480 Human GAGGA T A T T T C T CG T A T C C AGA A A A T C AGA T C A AGGGA AG T AGC C T T GGA AGC A C A A A C T 480 Rat C A AGA T A A T T C T T A C A T GC AGA A A A T C AGA T C C AGGGAGA T AGC T C T CGA AGC A C AGA C T 480 Mouse C A AGA T A A T T C T T A C A T GC AGA A A A T C AGA T C C AGAGAGA T AGC C T T CGA AGC A C A A A CG 480
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine T C A C G T T A C C T A A A T G A A T T T G A A G A G C T T G C T G T C T T A GG C A A A GG T GG A T A C GG A A G A 540 Human T C A CG T T A C T T A A A T GA A T T T GA AGA A C T T GC C A T C T T AGGA A A AGG T GGA T A CGGA AGA 540 Rat T C A CGC T A C T T A A A T GA A T T T GA AGAGC T CGC C A T C T T AGGA A A AGGCGGA T A T GGA AGA 540 Mouse T C A C G C T A C T T A A A T G A A T T T G A A G A G C T T G C C A T C T T A GGG A A A GG A GG A T A T GG A A G A 540
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine G T G T A C A AGG T C AGGA A T A A A T T AGA T GG T C AG T A T T A T GC A A T T A A A A A A A T C C T G A T T 600 Human G T A T A C A AGG T C AGGA A T A A A T T AGA T GG T C AG T A T T A T GC A A T A A A A A A A A T C C T GA T T 600 Rat G T T T A C A AGG T C CGGA A C A A A T T AGA T GG T C AGC A T T A T GC A A T T A AGA A A A T C C T GA T T 600 Mouse G T T T A C A AGG T C CGGA A C A A A T T AGA T GG T C AGC A T T A T GC A A T T A AGA A A A T C C T GA T T 600
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine A A T GG T GC A A C T A A A A C AGA T T G T A T GA AGG T A C T A CGGGA AG T GA AGG T GC T GGC AGGC 660 Human A AGGG T GC A A C T A A A A C AG T T T GC A T GA AGG T C C T A CGGGA AG T GA AGG T GC T GGC AGG T 660 Rat A AGAG T GC A A C T A A A A CGGA T T G T A T GA AGG T GC T A CGGGA AG T GA AGG T T C T GGC AGGC 660 Mouse A A G A G C G C A A C T A A A A C A G A T T G T A T G A A GG T G C T A C GGG A A G T G A A GG T T C T GG C A GG T 660
Canine C T T C AGC A T C C T A A C A T AG T AGGC T A T C A C A C T GC T T GGA T AGA A C A T G T T C A CG T GA C C 720 Human C T T C AGC A C C C C A A T A T T G T T GGC T A T C A C A C CGCG T GGA T AGA A C A T G T T C A T G T GA T T 720 Rat C T C C AGC A C C C C A A T A T CG T T GGC T A C C A C A C T GC A T GGA T AGAGC A CG T T C A CG T GC T T 720 Mouse C T C C A G C A T C C C A A T A T T G T T GG C T A C C A C A C T G C G T GG A T A G A A C A T G T T C A T G T GG T T 720
Canine C A T GC A C A AG ---A T CGA A T T T C T A T T C AGC T GC C A T C T C T GGA AG T GA T C T C T GA CGAG 777 Human C AGC C A CGAGC AGA C AGAGC T GC C A T T GAG T T GC C A T C T C T GGA AG T GC T C T C CGA C C AG 780 Rat C AGC C A C A AG ---A C AGAG T T C C C A T T C A A C T GC C C T C T C T T GA AG T G T T G T C AGAGC A T 777 Mouse C AGC C A C A AG ---A C AGAG T T C CGA T T C A A C T GC C C T C T C T CGA AG T GC T G T CGGAGC AG 777
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
T T C T C C A A AGA A A T GG T T T GGC T GA T T T GC C T T C C AGC T C A A T T A T T GA A Human T CGA C C C T GGAGC T C C AGGA A A A T GGC T T GGC T GG T T T G T C T GC C AG T T C A A T T G T GGA A Rat T CG T C C A T T G AGC T C C A AGA AGA T GGC T T G A A CGAG T CGC C T C T C AGA C C AG T T G T C A AG Mouse T C G T C C A T T G A G C T C C A A G A A G A C GG C T T G A C T G A T T T G T C C G T C A G A C C A G T T G T C A GG
* * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine C A T C AGC T GC C A C T T AGGC A T C A T T C CGA C T T AGA AGAGA A T T T C A C A T C C A C T GGGGA A Human C AGC AGC T GC C A C T C AGGCG T A A T T C C C A C C T AGAGGAGAG T T T C A C A T C C A C CGA AGA A Rat C A C C A GC T GC C GC T GGGGC A T A GC T C A G A C G T GG A A GGG A A T T T T A C C T C C A C GG A T G A G Mouse C A T C AGC T GC CGC T GGGGC A T AGC T CGGA A T T GGA AGGGA A T T T T A C A T C C
A CGGA T GAG * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine T C T T C T GA A ---A A C T T A AG T T T G T T GGGGC AGA C AGAGG T GC AG T A C C A C T T GA T GC T G Human T C T T C CGA AGA A A A T G T C A A C T T T T T GGG T C AGA C AGAGGC A C AG T A C C A C C T GA T GC T G Rat T C T T C T GA AGA C A A T T T GA A C C T GC T GGGGC AGA C AGAGGCGCGG T A C C A C C T GA T GC T G Mouse T C T T C T G A A GG C A A C T T G A A C C T G C T GGGG C A G A C GG A GG T T C GG T A C C A C C T G A T G T T G
Canine C A C A T C C AGA T GC AGC T G T G T G AGC T C T C C C T G T GGGA C T GG A T AG T GGAGAGA A A C C AG Human C A C A T C C AGA T GC AGC T G T G T G AGC T C T CGC T G T GGGA T T GG A T AG T CGAGAGA A A C A AG Rat C A C A T C C AGA T GC AGC T G T G T G AGC T C T C C C T G T GGGA C T GG A T AGC T GAGAGG A A C A AG Mouse C A C A T C C A G A T G C A G C T G T G T G A G C T C T C C C T G T GGG A C T GG A T A A C T G A G A GG A A C
A A G * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine CGGGG T CGGC AG T A T G T GGA CGA A T C T GC A T G T C C T T A T G T C A T GGC C AG T G T T GC A A C A Human CGGGGC CGGGAG T A T G T GGA CGAG T C T GC C T G T C C T T A T G T T A T GGC C A A T G T T GC A A C A Rat CGGAGC CGGA AG T GCG T GGA T GA AGC AGC T T G T C C C T A T G T T A T GGC C AG T G T T GC A A C A Mouse CGGAGC CGGGAG T A T G T GGA CGA AGC T GC T T G T C C C T A T G T T A T GGC C AG T G T T GC
A A C A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Canine
A AGA T T T T T C A AGA A C T GG T GGA AGG T G T A T T T T A C A T A C A T A A C A T GGGA A T CG T A C A C Human A A A A T T T T T C A AGA A T T GG T AGA AGG T G T G T T T T A C A T A C A T A A C A T GGGA A T T G T GC A C Rat A AGA T T T T T C A AGA A C T GG T GGA AGG T G T C T T T T A C A T A C A T A A C A T GGGC A T CG T C C A C Mouse A A A A T T T T T C A AGA A T T GG T GGA AGG T G T C T T T T A C A T A C A T A A C A T GGGC A T T G T C C
A C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Canine
AGAGA T C T GA AGC C A AGA A A T A T T T T T C T T C A T GGC C C T GA T C AGC A AG T A A A A A T AGGA Human CGAGA T C T GA AGC C A AGA A A T A T T T T T C T T C A T GGC C C T GA T C AGC A AG T A A A A A T AGGA Rat AGAGA T C T GA AGC C T AGA A A T A T T T T T C T T C A T GG T C C T GA T C A A C A AG T GA A A A T AGGA Mouse AGAGA T C T GA AGC C T AGA A A T A T T T T T C T T C A T GGC C C T GA T C AGC A AG T A A
A A A T AGGA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
Canine G A C T T T GG T C T GG C C T G C A C A G A C A T C A T T C A A A A G A A C A C A G A C T GG A T C GG T A G A G A T Human GA C T T T GG T C T GGC C T GC
T T GG T C T GG C C T G T G C A G A C A T C A T C C A G A A ---T G C A G A C T GG A C C A A C A G A A
A T * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Canine
GGGA AGAGGC C A C C C A C A C A C A C T T C C AGAG T GGG T A C T T G T C T A T A CGC T T C A C C T GAG Human GGGA AGAGA A C A C C A A C A C A T A CG T C C AGAG T GGG T A C T T G T C T G T A CGC T T C A C C CGA A Rat GGGA A AGGA A CGC CGA C A C A C A CG T C C CGAG T GGGGA C T T G T C T C T A CGCG T C A C C T GAG Mouse GGGA A AGGA A C A CGGA C A C A C A C A T C C AGAG T GGGGA C T T G T C T C T A CGC A T C A C CGGA
A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine C A G T T GG A A GG A T C C G A C T A T G A C G C C A A G T C A G A T A T G T A C A G C T T GGG T G T G A T C C T G Human C AG T T GGA AGGA T C T GAG T A T GA T GC C A AG T C AGA T A T G T A C AGC T T GGG T G T GG T C C T G Rat C AG T T GGA AGGA T C CGAG T A T GA T GC C A AG T C T GA T A T G T A C AGC T T GGG T G T GA T C C T G Mouse C AGC T GGAGGGA T C C C AG T A CGA T GC C A AG T C AGA T A T G T A T AGC T T GGG T G T GA T C C T G
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine C T AGAGC T C T T T C AGC C A T T T GGA A C AGA A A T GGAGCGAG T A C A C A T T T T A A C AGG T T T A Human C T AGAGC T C T T T C AGC CG T T T GGA A C AGA A A T GG AGCGAGC AGA AG T T C T A A C AGG T T T A Rat C T CGAGC T C T T C C AGC C A T T CGGG A C AGA A A T GG AGCGAGC A A C AG T C C T A A C AGG T G T G Mouse C T CGAGC T C T T T C AGC C A T T CGGG A C AGA A A T GG AGAGGGC A A C AG T C T T A A C AGGCG T
A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Canine
A G A A G T GG T C A G A T A C C T G A C T C C C T C A G T A A G A GG T G T C C C G T G C A A G C C A A G T A C A T C Human AGA A C T GG T C AG T T GC CGGA A T C C C T C CG T A A A AGG T G T C C AG T GC A AGC C A AG T A T A T C Rat AGGA C T GG T CGGA T A C C AGAG T C C C T C AG T A A A AGG T G T C C AG T GC A AGC C A AG T A T A T C Mouse A GG A C T GG T C GG A T A C C C G A A T C C C T C A G T A A A A GG T G T C C GG T G C A A G C C A A G T A T A T C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine C AGC A C T T A A C T AGA AGGA A T GC A T C T C AGAGA C C A T C T GC T C T T C AGC T GC T GC A A AG T Human C AGC A C T T A A CGAGA AGGA A C T C A T CGC AGAGA C C A T C T GC C A T T C AGC T GC T GC AGAG T Rat C AGC T C C T GA C T GGGAGGA A CGCGGC C C AGAGA C C A T C T GC T C T T C AGC T A C T GC AGAGC Mouse C AGC T C C T A A C CGGGAGGA A T G T G T C A C AGAGA C C A T C T GC C C T T C AGC T GC T GC AGAG
T * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
GAGGG T GA C AGA A A T C A A C A T G ---T T A A A A A T GA T GA A AG T A A C AGC T C A T C C A T T A T C 834 Human GA AGAGGA C AGAGAGC A A T G T GG T G T T A A A A A T GA T GA A AG T AGC AGC T C A T C C A T T A T C 840 Rat GA AGGGGA C AGA A A T C A AGG T GG T G T T A A AGA T A A T GA A AG ---C AG T T CG T C C A T T A T C 834 Mouse G A A GGGG A C A G A G A C C A A GG T GG T G T T A A A G A T A A T G A A A G ---C A G T T C G T C C A T T G T C 834
Canine T T CGC CGAG T T C A C C T C AGGA A A AGA C A A A T C C T T AGGA A A A T C T GGC A T T GA A A A T CGG 894 Human T T T GC T GAGC C C A C C C C AGA A A A AGA A A A A CGC T T T GGAGA A T C T GA C A C T GA A A A T C AG 900 Rat T T T GC T GA A C T C A C C C C AGA A A A AGA A A A C C C T T T AGCGGA A T C T GA T G T T A AGA A T GAG 894
Mouse T T T GC T GA A C T C A C C C C AGA A A A AGA A A A A C C T T T T GGGGAG T C T GAGG T T A A A A A T GAG 894
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Canine A A T A A T AGA T T GG T GA A C T A C AGC A C C AG T T T A A T C C C C AGAGA C A C C AG T GA A T T T GA A 954 Human A A T A A C A AG T CGG T GA AG T A C A C C A C C A A T T T AG T C A T A AGAGA A T C T GG T GA A C T T GAG 960 Rat A A T A A C A A C T T GG T GAGC T A C AGGGC C A A C T T AG T GA T C AGGAGC AGC AG T GA A AGCGA A 954 Mouse A A T A A C A A C C T GG T GAGC T A C A CGGC C A A C T T AG T GG T C AGG A A C AGC AG T G A A AG T G A A 954
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Figure 1 : Continued.
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L G G S S G A R E R E A E GDG A E A V P A P P A I E F P A DG S D P K Y D E S D V P A E L QV L K G P L QQ P T F P 60 Human MQGGN S G V R K R E E E GDG AG A V A A P P A I D F P A E G P D P E Y D E S DV P A E I QV L K E P L QQ P T F P 60
* * * . * : * : : . * . * * * . * * * * * : * * * : . * * : * * * * * * * * * : * * : * * * * * * * * * N-terminal heme binding domain
F I KMG L L S S F T C S D E F S S L R L HH 120
* * * * * * * * * * * * * * * * * * * * * * * * : * : * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Mouse N R A I TH L MR S A K E R V R QD P CQDN S YMQK I R S R E I A F E AQ T S R Y L N E F E E L A I L GK GG Y G R 180 Rat N R A I T H L MR S A K E R V R QD P C QDN S YMQK I R S R E I A L E A Q T S R Y L N E F E E L A I L G K G G Y G R 180 Canine N R A I T H L MR S A K E R V R QD P C E DN S H T QK I R S R E I A F E A Q T S R Y L N E F E E L A V L G K G G Y G R 180 Human N R A I T H L MR S A K E R V R QD P C E D I S R I QK I R S R E V A L E A Q T S R Y L N E F E E L A I L G K G G Y G R 180
* * * * * * * * * * * * * * * * * * * * : * * * * * * * * * : * : * * * * * * * * * * * * * * * : * * * * * * * *
G L QH P N I VG Y H T AW I E HVHV I 240
* * * * * * * * * * * : * * * * * * * * : . * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Mouse Q P -QDR V P I Q L P S L E V L S E QE GDRDQGGVKDN E S -S S S I V F A E L T P E K E K P F G E S E VKN E 298 Rat Q P -QD R V P I Q L P S L E V L S E H E GD R NQG G V K DN E S -S S S I I F A E L T P E K E N P L A E S D V K N E 298 Canine H A -QD R I S I Q L P S L E V I S D E E GD R NQH -V K ND E S N S S S I I F A E F T S G K D K S L G K S G I E N R 298 Human Q P R A D R A A I E L P S L E V L S DQ E E D R E QC G V K ND E S S S S S I I F A E P T P E K E K R F G E S D T E NQ 300
: . * * . * : * * * * * * : * : . * * * : * * * : : * * * * * * : * * * * . * : : : . : * : * .
Mouse NNN L V S Y T AN L VV RN S S E S E S S I E L Q E DG L TD L S V R P VV RHQ L P L GH S S E L E GN F T S TD E 358 Rat N NN L V S Y R A N L V I R S S S E S E S S I E L Q E DG L N E S P L R P V V KHQ L P L GH S S D V E G N F T S T D E 358 Canine N N R L V N Y S T S L I P R D T S E F E S P S F L Q R NG L A D L P S S S I I E HQ L P L R HH S D L E E N F T S T G E 358 Human NNK S VK Y T TN L V I R E S G E L E S T L E L Q E NG L AG L S A S S I V E QQ L P L R RN S H L E E S F T S T E E 360
* * . * . * : . * : * . : . * * * . * * . : * * . . : : . : * * * * : * . : * . * * * * *
Heme
Mouse S S E GN L N L L GQ T E V R YH LML H I QMQ L C E L S LWDW I T E R NK R S R E Y VD E A A C P Y VMA S V A T 418 Rat S S E DN L N L L GQ T E A R Y H LML H I QMQ L C E L S LWDW I A E R NK R S R K C V D E A A C P Y VMA S V A T 418 Canine S S E -N L S L L GQ T E V Q Y H LML H I QMQ L C E L S LWDW I V E R NQ R G R Q Y V D E S A C P Y VMA S V A T 417 Human S S E E NVN F L GQT E AQYH LML H I QMQ L C E L S LWDW I V E RNK R G R E Y VD E S A C P Y VMANV
A T 420 * * * * : . : * * * * * . : * * * * * * * * * * * * * * * * * * * * . * * * : * . * : * * * : * * * * * * * . * * *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * : * * : * : : * * . * :
* * . * * * * * * * * * * * * * * * * * * * * : * * * * * * * * * * * * : * * * * * * * * * * * * * * . : * * * :
S GNVN L T L QMK I I E Q 600 * : * : : * : * * * * * * * * * * * * * * * * * : * * * * * : * * * * * * * * * . : * * * * * * * * * * * : * *
Canine G A A C T T T T C C A A A A T T C T GG A A A T G T T A A C C T C A C C C T A C A G A T G A A A A T A C T A G A G C A A Human GA A C T T T T C C A A A A T T C T GGA A A T G T T A A C C T C A C C C T A C AGA T GA AGA T A A T AGAGC A A Rat GA A C T G T T C C A A A C A A CGGGA A A T G T T A A T C T C A C A T T GC AGA T GA AGA T A A T GGAGC A A Mouse GAGC T T T T T C A A A C A A C T GGA A A T G T T A A T C T C A C A T T GC AGA T GA AGA T A A T AGA
A C A A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Canine
GA A A A AGA A A T CGA AGA A C T A A AGA AGC AGC T GAG T C T C C T T T C T C AGGA C A A AGGGGC C Human GA A A A AGA A A T T GC AGA A C T A A AGA AGC AGC T A A A C C T C C T T T C T C A AGA C A A AGGGG T G Rat GA A A AGGA A A T T GA AGA A T T A A AGA AGC A A C T A AGC C T C C T T T CGC AGGA C A A AGGGC T G Mouse
GAGA AGGA A A T T GA AGA A C T A A AGA AGC A A C T A AGC C T C C T T T C T C AGGA C AGAGGGC T G * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
Canine A A G -G A T G A T A T G A A GG A T GGG A C T G T G C C C G T C C T G C C T T A A 1893 Human
* * * * * * * * * * . * * * * * : * :
. Semi-conserved residues : Conserved residues * Identical residues 
Expression of Canine HRI Protein by TNT.
To express canine HRI protein, the canine HRI cDNA was cloned into the pcDNA4 vector for expression by TNT (Figure 2(a) ). After the pcDNA4-HRI was restriction enzyme digested with NotI, the linearized DNA was incubated with wheat germ lysate and [ 35 S]-methionine to produce the radiolabeled canine HRI protein by TNT. The resulting translated products were analyzed on a 4-20% Tris-glycine gel followed by autoradiography. We found that the canine HRI protein yield was very low using standard TNT reaction conditions (data not shown). When 0.5 mM hemin was included in the TNT reaction mix, the yield of the canine protein was increased by ∼5-fold (Figure 2(b) ). The enhanced production of HRI by heme strongly suggests a functional form of canine HRI is expressed from the cloned canine HRI cDNA.
Expression of Canine HRI Proteins by Baculovirus
Expression System. Since the majority of canine HRI protein produced by TNT was found to be misfolded and/or aggregated and exhibited very low kinase activity, we decided to express the canine HRI using an insect expression system. The canine HRI cDNA was inserted into the pFastBac vector and transformed into DH10Bac cells. After confirming that the canine HRI bacmid DNA contains the canine HRI cDNA insert by restriction digestion analysis, (Figure 3(a) ), the bacmid DNA was transfected into Sf9 cells to produce recombinant canine HRI baculovirus. As shown in Figure 3 (6xHis) (Figure 3(b) ) or HRI (data not shown) epitopes, we concluded that this was the canine HRI. Similar to the expression of canine HRI protein by TNT, we found that canine HRI baculovirus infection resulted in low expression of the HRI protein if hemin was not included in the cell culture medium. When hemin at 0.5 mM was included, canine HRI protein expression in the baculovirus expression system was substantially increased. The human, mouse, rat, and canine proteins were expressed using the baculovirus expression system and used in comparison studies. 
Kinase Activity of the Canine HRI Protein.
To determine if the purified canine HRI protein is enzymatically active, we performed a kinase activity assay by measuring the ability of the kinase to phosphorylate a peptide substrate. As shown in Figure 4 , the canine HRI protein was able to effectively phosphorylate the peptide substrate. To investigate whether the high degree of homology in the ATP-binding site of canine, human, and rodent HRI results in similar binding of an ATP-competitive kinase inhibitor, we used a known human HRI kinase inhibitor, quercetin ( [11] and our published data). Quercetin, reported to be an ATPcompetitive kinase inhibitor [11] , was tested at various concentrations from 0.01 μM to 100 μM against canine, human, and mouse HRI shown in Figure 5 . We found that similar to human and mouse HRI, canine HRI kinase was inhibited with IC 50 values equal to ∼1 μM by quercetin, demonstrating that among mammalian HRI, ATP-binding and catalysis are conserved.
Role of HRI in De Novo Protein Synthesis.
To determine the effect of HRI inhibition by quercetin on protein synthesis, we treated canine blood with either 1 or 10 μM quercetin for 4 hours in the presence of [ 35 S]-methionine ( Figure 6) . Quercetin, at a concentration of 1 μM, did not change total de novo synthesis in canine blood. However, treatment of canine blood with 10 μM quercetin caused a significant increase in de novo protein synthesis compared to the vehicle control. Because HRI is specifically expressed in 
Discussion
Hemoglobin synthesis in erythroid cells is tightly regulated by heme, because heme binds to HRI and modulates its kinase activity. It has been reported that the enzymatically functional form of HRI is dimeric [7] and remains soluble devoid of aggregation. Maintaining the dimeric form of HRI in order to prevent its aggregation makes HRI a difficult protein to express in large quantities in vitro. We found that HRI is largely misfolded when expressed by in vitro TNT, however, the expression of soluble HRI protein can be improved by supplementing the reaction with heme ( Figure 2 ). In the HRI protein expression conditions used in this study, heme primarily plays a critical role by inactivating newly synthesized HRI by binding to the kinase insert domain. Consequently, heme addition increased protein production. In addition, heme addition appears to improve the yield of soluble protein by preventing newly translated HRI protein from aggregation. It is conceivable that HRI incorporates a heme moiety into the N-terminus of the protein cotranslationally to allow for the proper folding and assembly of the protein. To improve the protein yield of the human, mouse, rat, and canine HRI proteins, we supplemented insect cell culture medium with hemin during HRI protein expression (Figure 3) . A comparison of the mammalian HRI nucleotide and amino acid sequences reveals a high degree of conservation in the residues involved in ATP-binding (Figures 1(c), 1(d), and  1(e)) . Specifically, the comparison shows there is only one Figure 5 : Inhibition of HRI kinase activity by quercetin. The kinase activity of the purified human, mouse and canine HRI proteins was determined using an in-vitro kinase assay in the presence of various concentrations of quercetin from 0.01 μM to 100 μM, shown in log M units. The data are expressed as a percent of activity compared to a vehicle control at 100% at the end of the two hour reaction. All experiments were performed in duplicate or triplicate with the mean ± SEM represented. amino acid residue difference between the human and canine proteins and only two residues between the mouse and canine proteins. Additionally, the residues involved in hemebinding, either in the N-terminal regulatory domain or in the kinase insert domain, are completely conserved between the mammalian proteins, implying that the development and homeostatic regulation of circulatory systems among mammals is subject to the same evolutionary pressure (Figure 1(d) ). As expected from the high degree of sequence homology, we have found that the mammalian HRI proteins show similar ATP affinity with an apparent K m of ∼1-2 μM (data not shown). The high degree of homology in the catalytic domain is also reflected by the similar potency determined between the mammalian proteins in the ability of quercetin to inhibit HRI kinase activity ( Figure 5 ). Normal adult hemoglobin consists of two α-and two β-globin subunits and its proper assembly is essential for oxygen transport [5] . The majority (>90%) of actively translating mRNA in reticulocytes is globin mRNA, and 95% of protein made in reticulocytes is globin protein [12] . Translation of α-and β-globin is tightly controlled by eIF2 and downregulated by HRI. By enhancing translation of globin by an HRI inhibitor in reticulocytes, the hemoglobin content of red blood cells is expected to increase causing an increase in the body's oxygen-carrying capacity. In this study, we show that inhibition of HRI by quercetin is able to increase de novo protein translation in canine reticulocytes ( Figure 6 ) and also in mouse and rat reticulocytes (data not shown). Since HRI is predominantly expressed in erythroid cells [5] and since mature red blood cells do not have the ability to synthesize protein, we used the [ 35 S]-methionine incorporation in canine blood as an indirect measure of hemoglobin synthesis in erythroid cells. Our finding that HRI inhibition increases hemoglobin synthesis leads us to propose that antagonism of HRI may be of potential therapeutic importance for the treatment of iron-deficient blood disorders.
